Abstract: Research laboratories in a university were investigated for air-borne levels of legally designated organic solvents and specified chemical substances. Repeated surveys in 2004-5 (four times in the two years) of about 720 laboratories (thus 2,874 laboratories in total) revealed that the solvent concentrations were in excess of the Administrative Control Levels only in a few laboratories (the conditions improved shortly after the identification) and none with regard to specified chemicals. Thus, working environments were in Control Class 1 in almost all (99.5%) laboratories examined. Such conditions were achieved primarily by extensive installation and use of local exhaust systems. The survey further revealed that types of chemicals used in research laboratories were extremely various (only poorly covered by the regulation) whereas the amounts of each chemical to be consumed were quite limited. For protection of health of researchers (including post-and under-graduate students) in laboratories, therefore, it appeared more appropriate to make personal exposure assessment rather than evaluation of levels of chemicals in air of research laboratories. Considering unique characteristics of research activity, it is important to educate each researcher to make his/her own efforts to protect his/her health, through supply of knowledge on toxicity of chemicals as well as that on proper use of protective equipments including exhaust chambers.
Introduction
Whereas exposures to chemicals and resulting possible effects on the health of exposed workers have been traditional foci of concerns in occupational health in industries, the intensities of chemical exposures in research facilities such as natural science or technology laboratories in universities, colleges and institutes have been seldom investigated and reported, although the staff in charges of research and development in industries are primarily raised in these institutions. The subjects of foregoing studies on occupational health in laboratories were mostly on either carcinogenicity [1] [2] [3] [4] or reproductive toxicity 5) among staff exposed to chemicals in laboratories, with limited data on types of chemicals used or intensity of exposures.
The legal basis for regulating chemical concentrations in air of laboratories at national universities in Japan shifted from National Personnel Authority Ordinance 6) under National Personnel Law 7) to Industrial Safety and Health Law 8) in 2004, when the national universities were incorporated 9) . The regulation on chemical exposures in laboratories has been intensified since then. Recently, Kyoto Industrial Health Association had unique opportunities to investigate research laboratories in a university from view points of occupational health, particularly with regard to possible exposure to legally designated organic solvents 10) and specified chemical substances 11) . The summary of the survey results will be reported in this communication with comments for better use of occupational health knowledge in research facilities.
Materials and Methods
The university surveyed and chemicals investigated The university surveyed had about 5,200 teaching or administrative staffs and about 22,500 students (underand post-graduate students combined). The target chemical substances were those regulated by a cabinet order 12) , and ordinances on organic solvents 10) and those on specified chemical substances 11) . In a preliminary analysis by questionnaires and chemical consumption records, researchers in each laboratory were asked to report names of solvents and specified chemicals to be used in his/her research activities; the names thus reported are listed in Tables 1 and 2 , respectively.
Chemicals in laboratory air
Sampling and analyses for chemicals (both organic solvents and specified chemicals) were conducted following the grid sampling strategy (i.e., Measurement A) in accordance with Working Environment Measurement Law 13) ; the sampling was made when the research work was in progress with actual participation of the researchers in charge. Measurement B data were not considered in the present analyses because the results were all below Administrative Control Levels (the levels to be detailed later). The methods of chemical analyses (as defined by Working Environment Measurement Standards 14) ) are summarized in Tables 1 and 2 . It should be added that the concentrations of carbon disulfide and vinyl chloride were measured by use of detection tubes (GASTEC Corporation, Ayase, Japan).
A geometric mean (GM) and a geometric standard deviation (GSD) of measured concentrations of each chemical were calculated for each laboratory. Administrative Evaluation Values 1 and 2 were calculated from the GM and the GSD, and were compared with Administrative Control Levels (ACLs) given in Working Environment Evaluation Standards 15) . Thus, the air-borne chemical concentration in each laboratory was classified into three classes of Administrative Control Class 1 (i.e., the environment which is well controlled; acceptable level), Class 2 (the intermediary environment), and Class 3 (the environment which requires strict improvement 16) Tables 1 and 2 ). Comparative evaluations of the two year results were made to detect possible improvement of the laboratory environments by use of the new ACLs.
Statistical analysis
A PC software, StatView Version 5, was employed for statistical analyses such as χ 2 test. In calculating GM and GSD values, the chemical concentration below the corresponding limit of detection (LOD) was taken as if the concentration were half the LOD.
Results

Organic solvents and specified chemicals used in laboratories
Organic solvents and specified chemicals detected in air of laboratories are listed in Table 1 (21 organic solvents) and Table 2 (19 specified chemicals). The numbers of detection given in the right most columns are the summation of all detections in the four surveys.
In case of organic solvents (Table 1) , the right-most column in Table 1 lists up the number of cases in which only the solvent in concern (13 solvents in total) was detected in the air of the laboratory surveyed (in other words, no other solvent was present in the laboratory air). The remaining 8 solvents (with no detection prevalence) were detected as one pollutant in the air of the laboratories where two or more solvents were detected simultaneously, as to be detailed later. Among the solvent of single use, acetone was most commonly used, followed by xylenes and methyl alcohol. The use of xylenes was primarily in association with histology preparation work to remove paraffin from tissue slices. Rather frequent use of chloroform (typically as a solvent) is worthy of attention, although the exposure was quite low as to be discussed later.
Among the specified chemicals, acrylamide was widely used in e.g. biochemical analysis and most frequently detected in laboratory air (Table 2) . Benzene was also detected frequently due to common use as a solvent (Table 2) . Further control of benzene use will be specifically discussed in the following section.
Presence of multiple solvents in laboratory air
As described in the footnote under Table 1 , two or more solvents were often detected in laboratory air, i.e., in 1,321 cases out of 1,823 laboratories surveyed (72.5%). Laboratory visits revealed that the origins of the co-present multiple solvents were quite different from multiple exposures to solvents in industries where solvents are usually mixed before use (e.g., a toluene -ethyl acetatemethyl alcohol mixture as a thinner in painting plants 17) ). Typically in cases of laboratory exposures, several researchers used different solvents in a single laboratory, or even one researcher used several solvents in sequence (depending on the research purpose) so that vapors of two or more solvents were detected in the laboratory air. The number of solvent detected in a single laboratory was up to 9 with a mode of 3 ( Fig. 1) . Among the 20 solvents thus detected (Table 3) , the prevalence was highest for methyl alcohol, but both acetone and chloroform were also often detected as was the case of single use ( Table 1) .
Evaluation of solvent vapor concentrations in terms of Administrative Control Classes
The results of survey in 2004 involving 919 laboratories (where either single or multiple solvents were detected when the results of the 1st and 2nd survey were combined) were classified into Administrative Control Classes by use of the old ACLs (which were then effective) (the left one-third in Table 4 ); although a majority (about 99%) was in Class 1, three and two laboratories were in Class 2 and Class 3, respectively. The 2nd survey showed essentially the same results, having three and one laboratories in Classes 2 and 3. Simple combination of the results on the two occasions suggests that about 1% of the laboratories were not in Class 1. Based on these findings, researchers were intensively advised for the improvement of performance during use of organic solvents (typically, better use of exhaust chambers). The 2005 surveys on two occasions (the 1st and the 2nd surveys) showed successful reduction in air-borne solvent concentrations so that no laboratory remained in Class 3 (despite the severer regulations due to reduction of Administrative Control Levels, which became effective in 2005), although 0.4% was still in Class 2. Table 4 ). The application revealed that one laboratory in Class 2 might be in Class 3 if no improvement was made in 2005.
Evaluation of air-borne concentrations of specified chemicals in terms of Administrative Control Classes
Evaluation of chemical concentrations was conducted as were the cases of organic solvents. There was no laboratory to be classified in The relative prevalence of the number of solvents in the air of laboratories is shown. It should be noted that the copresence of more than one solvent is typically due to use of different solvents by several researchers in a laboratory. Sometimes, one researcher may use several solvents in sequence. Use of a mixture of solvents is very limited. gave an intensive guidance to the researchers in these laboratories for effective use of local exhaust facilities, so that all laboratories were in Class 1 in 2005 despite the intensified regulations.
Control of benzene exposure in laboratories
The 1st survey in 2004 disclosed that benzene (a human leukemogen, International Agency for Research on Cancer 1974) was in use in more than 50 laboratories (Table 6) . Although all laboratories were in Class 1 in 2004 when ACL for benzene was 10 ppm, tentative application of the new ACL, 1 ppm, to the 2004 survey results suggested that two to four laboratories would be in Class 2 or 3. The environmental safety and health section gave intensive guidance to the researchers; the guidance included use of protective gloves in addition to the use of exhaust chambers because benzene is not only volatile and the vapor may be inhaled, but it is skin-penetrating 18) . 
Discussion
The regulation 8, 14) requests that the air in each laboratory be monitored for pollutant levels twice a year and therefore four times in the two year period of the survey. The numbers of laboratories surveyed varied slightly depending on the occasion of the measurements (Tables  4 and 5 ). The variations were due to the fact that some laboratories terminated the use of the solvents or the chemicals in concern, primarily because the research projects were completed.
Low chemical levels in laboratory air in the university is in a good agreement with the previous observation that organic solvent levels in research and development sections in various industries were substantially lower than the levels in typical production sections such as printing rooms, irrespective of enterprise size 17) . For further comparison, the results of workplace survey conducted by selected organizations in the fiscal years (i.e., April to (Tables 7 and 8) [19] [20] [21] [22] [23] [24] , so that the university data are compared with the data for industries (by χ 2 test) for 2003-2004 (evaluation with old ACLs) and for 2005 (with new ACLs), respectively. In all organizations, a majority of workplaces surveyed were in Class 1. Nevertheless, relatively more solvent workplaces (about 10%) were in Class 2 as compared with workplaces where specified chemicals were used (well less than 10% in most organizations) ( Tables 7 and 8 a Assumedly cumulative numbers for the year (i.e., the sum of two measurements in the year). b The year of survey; the classification was made in reference to the old ACLs (for details of ACLs, see the text). c The year of survey; the classification was made in reference to the new ACLs (for details of ACLs, see the text). statistical analyses with χ 2 test showed that the university data were more in Class 1 (and not in Class 2 or 3) than the industry data, irrespective of solvents or specified chemicals, or regardless of type of the three pairs compared (p<0.01). Walk-through surveys revealed that laboratories in the university have exhaust chambers (backed up with systems to remove contaminants, as necessary) with proper performance. Efforts had been made during the two year period of monitoring to improve the environment. A typical example may be a laboratory where dichloromethane had been employed for washing metal parts. The solvent after wash had been transferred into a waste solvent container. Vapor of this extremely volatile solvent was emitted into the laboratory air, and the laboratory was categorized in the Class 3. Such operation was repeated only several times a year. Nevertheless, the facilities were enclosed by transparent walls to be a small cabinet and a local exhaust system was installed to remove the solvent vapor. Such remodeling reduced the vapor concentration so that the environment was classified in Class 1 after the remediation.
It was also observed that the amounts of chemicals to be consumed daily were very limited, e.g., a few milliliters of the organic solvent per day in most laboratories, and the classification in Class 1 well met with such observations. Exceptions were organic synthesis laboratories where several liters of solvents for example would be used everyday. The syntheses were however conducted in exhaust chambers with essentially no emission of the solvent vapor in the laboratory air. In contrast, the types of chemicals used in university laboratories were indeed various. Taking organic solvents, for example, comparison of the present observation (Tables 1 and 3 ) with the findings in industries 17) clearly show that, while frequent use of aromatics (toluene and xylenes), alcohols (methyl and isopropyl alcohols) and acetone is common to the university and the industries, use of some chlorinated hydrocarbons (chloroform and 1,2-dichloroethane) appear to be unique in the university as they are seldom used in industries 17) . Non-continuous exposure to a variety of chemicals may suggest that the monitoring of personal exposure to chemicals may fit better for the evaluation of chemical exposure in research laboratories rather the monitoring on the laboratory air basis, the latter being the legal requirements 10, 11, 13) . It was also thought that further efforts may be necessary to replace hazardous solvents such as chloroform (a hepatotoxin and an animal liver carcinogen 25) ), benzene (a human leukemogen 26) ), and hexane (a potent peripheral neurotoxin of humans 27) ) with less toxic surrogate solvents.
Continuous efforts are apparently necessary to keep the exposure as low as possible, despite the observation of low level chemical exposure in the present surveys. Depending on the chemicals to be exposed, low level exposure does not imply that there is no health risk. It was reported that, although the risk appears to be generally low, the incidence may be increased for some types of malignancy [1] [2] [3] [4] among laboratory personnel who use e.g. carcinogens and mutagens. In addition, some indication of reproductive toxicity was also reported among women working in biomedical laboratories 5) . Because it is expected that many of postgraduate students, for example, will serve in company laboratories later in their life, experiences of clean laboratories (i.e., with a low exposure level) will certainly foster the occupational healthminded technical staff in various industries.
Unique characteristics of exposure of university research staff to chemicals have been discussed 28) . First of all, the research staffs are, but post-and under-graduate students are not, employees of the university in concern, although the three types of the people often take part in the same research project together. The unique nature includes the use of extremely various chemicals although at small quantities and for short time periods as discussed above. This is coupled with high education levels. To achieve the goal of protection of health irrespective of different situation with regard to employment, it is important to supply enough information on the toxicity of individual chemicals and knowledge of toxicology, and educate the staff how to minimize the exposure, e.g., by proper use of protective equipments including local exhaust systems, so that they will protect their health through their own efforts. The close co-operation of the university with an external occupational health organization for practical knowledge may contribute to achieve this goal.
